Electric force microscopy has been adapted for mapping surface charge density in aqueous solutions. The electric double layer interaction between the tip and the sample provides a contrast mechanism sensitive only to the surface charge density as other parameters are held constant. The resulting charge maps are acquired at typical atomic force microscopy scanning rates and approximately 25-nm resolution. The contrast is well-described by a simple expression for the tip-sample double layer interaction in electrolyte solutions. Fluid electric force microscopy is highly sensitive and nondestructive, as demonstrated with charge density maps of fluid-phase-supported bilayer membranes and single DNA molecules.
Introduction
The atomic force microscope (AFM) has sufficient force sensitivity to measure screened electrostatic interactions between the tip and the sample in aqueous electrolyte solutions. Early investigations demonstrated that tipsample forces are well-described by electric double layer interactions, van der Waals interactions, and hydration forces over a broad range of pH values, ionic strengths, and tip-sample separations. 1 Beginning with a formula derived from the Poisson-Boltzmann equation for charged planar surfaces, 2 an approximation for the tip-sample force, F, as a function of the separation, L, was calculated: 3 where r is the tip radius, λ is the Debye length, is the dielectric constant of the medium, 0 is the vacuum permittivity, and σ t and σ s are the tip and sample charge densities, respectively. This approximation is valid if the tip radius and tip-sample separation are greater than the Debye length. As an imaging tool, this electric double layer interaction offers a signal that depends only on the sample's surface charge density, assuming the tip properties and the tip-sample separation can be held constant. Two such charge density mapping techniques based on the AFM have already been demonstrated. The first employs contact-mode imaging, in which a feedback loop adjusts the sample z position to keep the tip-sample force at a constant set-point value. By carefully adjusting the set point for weak repulsive or attractive forces, double layer interactions can contribute to the image contrast. [4] [5] [6] [7] The contact mode can also map the charge density by subtracting the images recorded at different salt concentrations to reveal the electrostatic contribution to the image contrast. 8 The second method relies on force curves in which the tip-sample force is measured as a function of the tip-sample separation. Force curves are recorded over an array of points on the sample, referred to as a "force-volume" measurement. Each curve can then be analyzed to determine several parameters, including the sample height, adhesion force, and sample charge density, as a function of the position. 4, 9, 10 The ability to map charge density in aqueous solutions at the nanometer scale could have a significant impact on many areas of science and technology. Contact-mode imaging has provided subnanometer resolution on the structure and charge density of certain biological samples such as ordered membrane proteins. 8 Force-volume measurements have elucidated the adsorption behavior of hemimicelles on hydrophobic substrates 5 as well as charge heterogeneity on colloid supports. 11 However, these methods have certain limitations. The contact mode results in a convolution of topographic and electrostatic sample information. Although it can be removed by image subtraction, this precludes studies of systems sensitive to ionic strength. Also, thermal drift in the cantilever requires periodic manual adjustments, hindering long-term measurements. [4] [5] [6] Force-volume measurements avoid topographic and electrostatic convolution, but compared to typical AFM imaging conditions they are slow and have limited pixel resolution, typically 64 × 64 pixels or less. As with any microscopy, surface charge mapping would benefit from improved resolution, imaging speed, contrast, and versatility.
We have adapted electric force microscopy (EFM) 12 for measurements of electric double layer interactions in aqueous solutions. In some manifestations, EFM employs the "lift mode" in which the tip scans each line in the image twice (Figure 1 ). In the first scan, the AFM measures
the sample topography in the tapping mode. 13 In the second scan, the tip lifts off the surface a set amount and repeats the measured topography at a constant tip-sample separation. Electrostatic force gradients are measured on the lift scan through resonance shifts in stiff silicon cantilevers. A similar method could be applied to fluid imaging; however, the electric double layer forces and force gradients are much smaller and the cantilever is critically damped, 14 so the alternating current (AC) measurements are not as sensitive. Instead, we have used softer silicon nitride cantilevers and measured their static deflection during the lift scan, therefore directly measuring the double layer force at a constant tip-sample separation (see Figure 1 ). Because the cantilever acts like a simple spring for small deflections, the deflection signal varies linearly with the double layer force and, therefore, linearly with differences in the sample charge density.
Experimental Methods
Supported Lipid Bilayers. 1,2-Dioleoyl-3-trimethylammoniumpropane (DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] sodium salt (DOPS) were purchased lyophilized from Avanti Polar Lipids (Alabaster, AL). The DOPS vesicles were prepared by vortexing a 1 mg/mL solution of the lyophilized powder in deionized (DI) water for 30 min. Cationic vesicles were prepared by drying down a 5 mg/mL chloroform solution of a 4:1 mole ratio of DOTAP/ DOPC in a rotary evaporator under a rough vacuum rotating at 200 rpm for 30 min. The film was then hydrated with DI water, still rotating, for 30 min. Small unilamellar vesicles (SUVs) were created from each solution by extrusion through a 100-nm polycarbonate filter (MiniExtruder, Avanti). To create supported bilayers for AFM imaging, 30 µL of the SUV solutions were incubated for 20 min over freshly cleaved mica for cationic lipids or poly-L-lysine-coated mica for DOPS. The samples were then dipped in 50 mL of the electrolyte solution (1 or 3 mM NaCl) to rinse the surface, and the mica was transferred to the AFM without drying.
DNA. λ-DNA was purchased from New England BioLabs (Beverly, MA) and diluted to 500 ng/mL in 40 mM Tris buffer, pH 7.4. Freshly cleaved mica was treated with 0.1% poly-L-lysine for 5 min then rinsed with DI water. A total of 20 µL of the DNA dilution was placed on the mica. After 20 min, the mica was then transferred to the AFM without rinsing. For fluid electric force microscopy (FEFM), the solution was further diluted by exchanging with 30 µL of DI water three times. We estimate this "rinsing" drops the final Tris concentration to 2.6 mM AFM. All measurements were carried out with a Multimode AFM and Nanoscope IV controller (Veeco, Santa Barbara, CA). Topographic images were acquired in the fluid tapping mode using silicon nitride cantilevers (NP, nominally 0.12 or 0.06 N/m, Veeco) driven at a tuning peak of 30 kHz (most likely not the cantilever resonance). The lift mode was performed as a standard function of the Nanoscope software version 5.12r3. Tip oscillations were turned off during the lift scan, and the tip deflection was taken directly from the split photodiode difference signal via a signal access module and read as an auxiliary input channel. The topographic and deflection signals were first-order flattened with stop bands over the lipid regions. Data for the plots in Figure  3 were taken by averaging the deflection value from many pixels (typically several hundred) over the lipids and the mica regions and subtracting the averages. Figure 2 shows a FEFM image of a mica-supported DOTAP/DOPC membrane imaged in 3 mM NaCl with a lift height of 20 nm. The lift scan (right) clearly shows a downward deflection of the cantilever over the lipid membrane, corresponding to an attractive double layer interaction between the negatively charged silicon nitride tip 15 and the positively charged cationic lipid headgroups. The resolution in the charge density map can be estimated from the width of the step in the FEFM contrast at the edge of the supported membrane. The observed full width in Figure 2 is approximately 25 nm, a factor of 2 improvement over the force-volume measurements. 4 The FEFM contrast was measured as a function of the lift height, analogous to traditional force-curve measurements. Three such data sets are shown in Figure 3 , including both attractive (DOTAP/DOPC) and repulsive (DOPS) interactions. The exponential fits yield Debye lengths, given in Table 1 , in reasonable agreement with the values calculated by λ ) 0.304 nm/ C, where C is the monovalent salt concentration. To confirm that there is no topographic contribution to the deflection signal, FEFM measurements were carried out on a roughened mica surface that contains topography but no charge density variations. Figure 4 demonstrates the lack of FEFM contrast on this sample when imaged in 1 mM NaCl with a 10-nm lift height. Figure 5 displays the FEFM of a region of λ-DNA deposited on poly-L-lysine-treated mica and imaged in 2.6 mM Tris buffer. The deflection signal indicates a repulsive interaction consistent with the negative charge density of λ-DNA as a result of ionization of the phosphate backbone.
Results

Discussion
FEFM provides a map of the sample charge density based on the electric double layer interaction defined in eq 1. For a precise description of the FEFM contrast, consider the two regions labeled A and B in Figure 2 . The tip deflection, d, on the lift scan in these regions will be where F is the double layer interaction force between the tip and the sample, k is the cantilever spring constant, and L is the lift height. The lift image contrast is due to changes in deflection:
If the deflection signal over the mica substrate is arbitrarily assigned as 0, the image contrast has a linear dependence on the difference between the bilayer surface charge density and the mica surface charge density. 
We conclude that eq 2 accurately describes the contrast in FEFM on the basis of several observations. First, the correct interaction polarity is always observed: the negatively charged silicon nitride tip yields repulsive interactions over the negatively charged DOPS bilayers and DNA and attractive interactions over the positively charged DOTAP/DOPC bilayers. Second, the decay length of the FEFM signal matches the electrolyte Debye length, as predicted by eq 1 and demonstrated in Table 1 . Finally, the measured prefactor of eq 2 is of the correct order of magnitude. Using the nominal tip radius (30 nm), cantilever stiffness (0.06 N/m), and 0.01 C/m 2 for the charge density magnitudes, 6 ,16 eq 2 yields an expected deflection of approximately 0.3 nm for a 20-nm lift height, similar to that shown in Figure 2 . Note that these assumed values can vary substantially between tips and may not be wellcharacterized. Therefore, FEFM consistently provides only a qualitative measure of the sample charge density. An accurate, quantitative measurement could be achieved but would require knowledge of the tip radius and surface charge, as well as a measure of the absolute cantilever deflection or a reference surface of known charge density. Also note the assumption that tapping-mode topography leads to a constant tip-sample separation during the lift scan. Inaccurate height measurements due to double layer forces 7 or sample compression 17 will invalidate this assumption and alter the charge density map. For biomolecular imaging, such errors are usually small compared to the lift height under typical FEFM conditions, especially for the carefully controlled fluid tapping mode. 18, 19 For example, a 1-nm topographic error in a solution with a Debye length of 10 nm and a lift height of 20 nm only affects the electric double layer force by 10%. In addition, only relative compression is an issue because only relative charge density is measured. If the tip compresses an entire soft sample evenly, it will simply subtract a constant factor from the charge density map.
FEFM has two central advantages over contact-mode and force-volume techniques for mapping the surface charge in solution. FEFM generates high-resolution topography and charge maps at typical AFM imaging rates. The current experiments typically measured 256 × 256 pixels at 2 Hz (1 line/s in the lift mode), which corresponds to an image every 4.3 min, as opposed to 1 h of acquisition for 64 × 64 pixel images with forcevolume. 10 While the contact mode can generate images somewhat faster, it is subject to thermal drift in the cantilever that can obscure the contrast. 4, 5, 15 Because tapping-mode AFM and the lift scan trajectory are based on AC cantilever feedback, they are relatively immune to thermal drift; that is, it is small on the time scale of a single scan line. In addition, FEFM provides a charge map that is independent of topography, without the need for multiple scans under varying electrolyte conditions. 8 FEFM is similar to chemical force microscopy 20 (CFM) in that it provides contrast on the basis of the chemical Table 1 ). functionality of the sample. Several interactions have been exploited for CFM including friction, adhesion, energy dissipation, and biomolecular recognition. 21 The double layer interactions of FEFM are sensitive only to charge density and, thus, are less specific than those possible with CFM. However, FEFM data are more easily interpreted because double layer interactions are wellunderstood, 22 and, significantly, FEFM does not require a functionalized tip. The two systems imaged here, fluidphase-supported bilayer membranes ( Figure 2 ) and single λ-DNA molecules (Figure 5 ), emphasize the high sensitivity and the nondestructive nature of this new charge mapping method. These results point to applications in biological imaging, such as mapping binding sites in large proteins or observing the distributions of charged species in biomembranes.
Conclusion
FEFM maps nanometer-scale charge density in electrolyte solutions on the basis of the electric double layer interactions between the tip and sample. Because it is based on the lift mode, FEFM provides high-resolution images at typical AFM imaging rates and avoids topographic convolution. It can be applied to soft, biological materials such as fluid-phase-supported bilayer membranes and DNA. As a result of its simple implementation and clear interpretation, FEFM should be broadly applicable in many areas where fluid AFM imaging is of interest.
